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Polycyclic Aromatic Hydrocarbons Degradation by Alcanivorax Spp. Dominant Microbial Community from Beach Sediments: Implications for Bioremediation of Oil Polluted Marine Environment  Uzochukwu C. Ugochukwu a,b. a School of Civil Engineering and Geosciences, University of Newcastle Upon Tyne, NE1 7RU, United Kingdom b SHELL/UNN Centre for Environmental Management & Control, University of Nigeria, Enugu Campus, Nigeria  Abstract Biodegradation of crude oil polycyclic aromatic hydrocarbons by Alcanivorax Spp. dominant microbial community isolated from beach sediments in a site around St Mary’s Lighthouse near Whitley Bay, Newcastle Upon Tyne, United Kingdom with geo-reference: N 550 04 ' 18'', W 010 26 ' 59'' was investigated. The polycyclic aromatic hydrocarbons (PAHs) studied were naphthalene, C1-C3 naphthalenes, fluorene, phenanthrene and dibenzothiophene. Gas chromatography-mass spectrometry was employed in the determination of the PAHs. Obtained results indicate that the microbial community degraded naphthalene, C1- naphthalene, C2-naphthalene and C3- naphthalene at 60, 72 , 90 and 42% biodegradation respectively whereas the three fused rings, fluorene, phenanthrene and dibenzothiophene were degraded at 23, 9 and 9% biodegradation respectively. However, it is not quite clear which bacterial genera was responsible for the biodegradation of the PAHs as we have not provided any evidence that Alcanivorax Spp. was solely responsible for the degradation of the PAHs. Keywords: Alcanivorax Spp; Microbial community; Biodegradation; Polycyclic aromatic hydrocarbons; Crude oil  1. INTRODUCTION  Hydrocarbon pollution of land and especially marine environment due to oil spill is a major challenge facing the world today. The sustainability of the earth as a mega ecosystem would be under serious threat if the challenge posed by oil spillage is not controlled or overcome (Halpern et al., 2008). The occurrence of hydrocarbons in the environment as pollutants arises from anthropogenic and natural releases.  It has been said that natural input from marine oil seeps alone is probably high enough to be able to cover the entire oceans in the world at a 20-molecular thick layer (Head et al., 2006). In 2010, the world recorded a huge anthropogenic release of hydrocarbons into the marine environment that remains unprecedented with about 600million Kg of crude oil released into the marine environment following the Deepwater Horizon explosion in the Gulf of Mexico (Crone and Tolstoy, 2010). Crude oil is the most complex mixture of organic compounds and contains over 20,000 chemical components according to petroleomics studies (Marshal and Rogers, 2004). Despite this very extensive diversity in chemical composition, crude oil can be grouped into four operationally defined fractions namely, saturated hydrocarbons, aromatic hydrocarbons, resins and asphaltenes (Arske, 2002; Speight, 2007). Resins and asphaltenes are basically more polar and are therefore occasionally referred to as polar fractions. In terms of specific gravity (density), crude oil is classified into two major groups, light and heavy crude oil. Extensive biodegradation taking place in the petroleum reservoirs leading to the removal of mainly some of the saturated and aromatic hydrocarbons would ultimately cause an increase in the relative abundance of the polar fractions leading to the production of heavy crude oil. Light crude oil contains higher proportion of saturated hydrocarbons by mass and fortunately, saturated hydrocarbons are relatively easily biodegraded (Tissot and Welte, 1984). However, the less susceptible groups of compounds (aromatic hydrocarbons and the polar fractions) to biodegradation are more toxic and persistent in the environment and are therefore of more environmental significance (Head et al., 2006). There are several natural physical, chemical and biological processes known as weathering that control the fate of crude oil in the marine environment. The most significant weathering processes associated with crude oil releases to the marine environment are spreading, evaporation, dissolution, dispersion, formation of water-in-oil emulsions, photochemical oxidation, adsorption onto suspended particulate matter, stranding on the shore line, sedimentation to bottom sediments and microbial degradation (Payne and McNabb, 1985; Neff, 1990; Wolfe et al., 1994). Microbial degradation of crude oil hydrocarbon polycyclic aromatic hydrocarbons which is the focus of this study is a very important subject given its huge relevance to bioremediation of oil pollution in marine environment.  Microbial degradation of crude oil hydrocarbons is only possible because under favourable 
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conditions, the microorganisms obtain their ‘food’ from the crude oil which acts as carbon and energy source to the microorganisms. Hydrocarbon degrading bacteria are prevalent in the environment including marine environment (Yakinov et al, 2007). There are several bacteria that can use crude oil hydrocarbons as carbon and energy source.  In fact it is reported that there are over 175 genera of bacteria capable of using crude oil as sole carbon and energy source (Al-Malem et al., 2010). It has been reported that the several genera of bacteria capable of degrading crude oil hydrocarbons actually have varied potentials towards the degradation of the hydrocarbon fractions hence, while some genera specialize in degrading alkanes, some others specialize in degrading aromatic hydrocarbons (McGenity, et al., 2012). Example, Several literature have reported that Alcanivorax spp., Oleiphilus spp., and Thalassolituus spp. degrade straight and branched alkanes whereas Pseudomonas spp. and Cycloclasticus spp. degrade polycyclic aromatic hydrocarbons (PAHs) although there are reported cases of Pseudomonas spp. degrading both alkanes and PAHs (Head et al., 2006;  McKew et al., 2007; Teira et al., 2007; Niepceron et al., 2010). Alcanivorax spp is well known for alkane degradation. Some studies have also reported the ability of these bacterial genera to degrade n-alkylbenzenes (Dutta and Harayama, 2001). However, its capability in degrading other groups of aromatic compounds found in crude oil such as PAHs is scarcely documented. This study reports the microbial degradation of crude oil PAHs by microorganism community that is predominantly Alcanivorax spp.  Major objectives are to determine the efficacy of Alcanivorax dominant microbial community found in beach sediments to degrade PAHs such as C1-C3 naphthalenes, fluorene, phenanthrene and dibenzothiophene.  2. MATERIALS AND METHODS The source of the microorganisms employed in this study was beach sediments that were composed of sand particles collected in a sterilized glass bottle (Duran) from a site around St Mary’s Lighthouse near Whitley Bay, Newcastle Upon Tyne, United Kingdom with geo-reference: N 550 04 ' 18'', W 010 26 ' 59''. The beach sediment samples were stored in cold room at 4 0C prior to the experimental work. The nutrient source was Bushnel-Haas (BH) broth which was supplied by Sigma-Aldrich. The nutrient Agar and every other chemical used in this study were also supplied by Sigma-Aldrich. North Sea crude oil supplied by British Petroleum (BP) was the source of carbon and energy for the microorganisms employed in this study. In another study reported by Singh et al., (2009) with exactly same beach sediment as used in this study, the microorganisms were predominantly Alcanivorax spp.  2.1 Culture enrichment and isolation of active cells for biodegradation experiments  Whitley Bay sediments (20 g), 100 mL of BH medium (autoclaved) and 500 mg of crude oil were mixed in a 250 mL conical flask and incubated for 5 d while stirred continuously. Thereafter, the indigenous microbial cells which are predominantly Alcanivorax spp. were isolated by collecting 5 mL of the cell suspension for preparing a fresh subculture. Several subcultures were prepared until the ninth one which was finally harvested for the biodegradation experiments.  2.2 Biodegradation experiment The test biodegradation experiment consisted of 5 mg/mL concentration of oil in BH medium (autoclaved) mixed with the cell suspension in a 100 mL serum bottle in which 10 mL of BH medium was used for providing the cells with nutrients. This experiment was carried out in triplicate and incubated for two months. The control experiment (without cells) was also carried out in triplicate and allowed to stand for same period of time.  2.3 Hydrocarbon extraction and analysis Prior to extraction of the residual hydrocarbons after the biodegradation experiment, a surrogate standard (squalane) was spiked into the samples. Thereafter, three stages of extraction with 30 mL of dichloromethane (DCM) for each stage were employed to extract the residual hydrocarbons. The procedure of Bennett et al. (2002) was employed in separating the hydrocarbons from the polars. Before taking the samples for GC-MS analysis, 1,1-binaphthyl was spiked into the samples as internal standard. For the purpose of ensuring that there is no microbial degradation taking place in the control experiment, heptadecylcyclohexane was spiked into the control experiment as internal standard for quantitating the acyclic isoprenoids present in the oil such as phythane and pristane. The measured relative response factor (RRF) of the surrogate standard lied between an acceptable range of 0.7 and 0.8. The percentage recovery of the surrogate standard varied between an acceptable range of 70 and 120%. The selected polycyclic aromatic compounds studied were: naphthalene, isomers of methyl naphthalene, isomers of dimethyl naphthalene, isomers of trimethyl naphthalene, fluorene, phenanthrene and dibenzothiophene.    
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2.4 Gas Chromatography-Mass Spectrometry and Gas Chromatography-Flame Ionization Detector  Gas Chromatography-Mass Spectrometry was employed in the analysis of the PAHs in both the test and control experiments whereas Gas Chromatography-Flame Ionization Detector was mainly used in confirming that there was no biodegradation taking place in the control experiment by measuring the acyclic isoprenoids as described in section 2.3. The procedure for GC-MS and GC-FID analysis of the samples were as reported in Ugochukwu et al. (2014).  2.5 Determination of percentage biodegradation of the PAHs The following equations were used to determine the percentage of the PAHs removed by biodegradation.  PAH as biodegraded (weight) = Bc - Bt............................................................1 PAH as biodegraded (%) = [(Bc - Bt)/ Bc ] * 100 ..............................................2 Where: Bc = weight (mg) of the residual PAH for the control sample (without cells) Bt = weight (mg) of the residual PAH for the test sample (with cells).  2.6 Statistical analysis Minitab version 17 was the statistical tool employed in this study for carrying out student t-test of the extent of microbial degradation of the analytes in which comparison is between any chosen two analytes with respect to their biodegradation. The statistical analysis is carried out at confidence interval of 95%.  3. RESULTS AND DISCUSSIONS 3.1 Removal of acyclic isoprenoids via microbial degradation Biodegradation of crude oil hydrocarbons has been ranked by Peters & Modolwan (1993) from scale of 0-10 where the degree of biodegradation is described as undegraded, light, moderate, heavy, very heavy and severe. Crude oil biodegradation scales are based on the classes of hydrocarbons that are removed during biodegradation. There are several techniques that are employed in the assessment of the biodegradation of hydrocarbons (Wang et al., 2007). The most common ones involve the use of conserved internal standards. Conserved internal standards are mainly found amongst the biomarkers and are useful in assessing biodegradation because they are relatively resistant to microbial degradation (Prince et al, 1994; Wang et al., 2007). Examples of conserved internal standards useful in biodegradation of hydrocarbon studies are: pristane, phytane and hopanes (Wang et al., 2007; Prince et al., 1994). The simplest approach in evaluating biodegradation at its earliest stage is to track the degradation of degradable hydrocarbons by reference to slowly degradable ones such as pristane and phytane where their ratios will give useful information about changes due to biodegradation (Prince et al, 1994). Hence, the ratios of nC17/pristane and nC18/phythane offer a quick assessment and indication of microbial degradation. For the control experiment, nC17/pristane and nC18/phythane ratios are 2.0 and 2.1 respectively indicating non-microbial degradation which is also evidenced by the preservation of the alkane peaks in the acquired chromatogram at the end of the incubation period (Figure 1a).  These ratios are not measurable for the test experiment and the microbial degradation is evidenced by the disappearance of the alkane peaks (Figure 1b). The chromatogram is as shown in Figures 1a & b. 96 (96,1) Atlas,nrg_ch03.ugo23-7-10,96,1,1Acquired 30 July 2010 08:52:22
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3.2 Microbial Degradation of the PAHs The percentage microbial degradation of the PAHs is as presented in Figure 2. 
 Figure 2: Percentage biodegradation of the PAHs. Nap = naphthalene; SMN = sum of the methylnaphthalene isomers; SDMN = sum of the dimethylnaphthalene isomers; STMN = sum of the trimethylnaphthalene isomers; Fluo = fluorene; Phen = phenathrene; DBT = dibenzothiophene. Values are reported as mean ± standard error of the mean. The biodegradation of naphthalene, methyl- and dimethylnaphthalenes is significantly high at mean percentage biodegradation ranging from 60 to 91. Several studies have reported the biodegradation of naphthalenes, methylnaphthalenes and dimethylnaphthalenes with each indicating high microbial degradation ranging from 65 to 96% in most cases (Miyachi et al., 1993; Pawar et al., 2013; Karimi et al., 2015; Valentyne et al., 2015). In this study, there is no statistical significant difference between percentage biodegradation of naphthalene and methylnaphthalenes (P-value > 0.05 for each isomer). However, the difference in percentage biodegradation of naphthalene in comparison with the dimethylnaphthalenes is statistically significant (P-value < 0.05). The pattern of the biodegradation of these compounds appears very strange. It would have been expected that the lowest molecular weight compound among these three PAHs (naphthalene, methylnaphthalene and dimethylnaphthalene) and indeed all PAHs studied which is naphthalene would be the most biodegraded rather it is the highest molecular weight compound among the three, dimethylnaphthalene that is the most biodegraded. From previous studies, it has been reported that naphthalene is the most biodegraded among the three PAHs when considered as carbon source on individual basis and not in a mixture (McKenna and Heath, 1976). Recently however, it has been observed that there is preferential microbial degradation of methylated naphthalenes by some bacterial genera hence justifying the observed higher degradation of the methyl and dimethylnaphthalenes (Miyachi et al., 1993; Valentyne et al., 2015). In this study, the percentage biodegradation of trimethylnaphthalenes at 42 is statistically significantly different from any of naphthalene, methyl- and dimethylnaphthalenes (P-value <0.05). McKenna and Heath (1976) observed that beyond two methyl groups on the naphthalene nucleus there would likely be reduced rate of oxidation of the PAH. It is therefore expected that trimethylnaphthalenes would undergo reduced microbial degradation in comparison with dimethylnaphthalenes or methylnaphthalenes. From previous studies, the main bacteria genera degrading the PAHs are Cycloclasticus spp,  mycobacteria spp., Pseudominas spp etc. If we rule out the possibility of Alcanivorax spp. contributing to the degradation of the PAHs, then the only inference that could be drawn from this study is that the beach sediment employed in this study in addition to the Alcanivorax spp. contained other bacteria genera capable of degrading the PAHs with high preference to dimethylnaphthalenes.  3.3 Microbial Degradation of the isomers of the C1-C3 Naphthalenes The percentage biodegradation of the isomers of methylnaphthalene, dimethylnaphthalene and trimethylnaphthalene is as presented in Figures 3-5. 
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 Figure 3: Percentage biodegradation of the isomers of methylnaphthalene. MN=methylnaphthalene. Values are reported as mean ± standard error of the mean  
 Figure 4: Percentage biodegradation of the isomers of dimethylnaphthalene. DMN=dimethylnaphthalene. Values are reported as mean ± standard error of the mean 
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 Figure 5: Percentage biodegradation of the isomers of trimethylnaphthalene. TMN=trimethylnaphthalene. Values are reported as mean ± standard error of the mean There are two isomers of methylnaphthalene found in crude oil namely, 1- and 2-methylnaphthalene. In this study, the biodegradation of 2-methyl naphthalene is significantly different from that of 1-methylnaphthalene statistically (Figure 3; P-value <0.05). There are studies indicating that 2-methylnaphthalene is microbially degraded at a greater extent than 1-methylnaphthalene (McKenna and Heath, 1976; Valentyne et al., 2015). Preference to 2-methylnaphthalene degradation has been attributed to steric hindrance which appears to affect this isomer to a less degree than 1-methylnaphthalene. It is not clear however, which microbial genera is responsible for this degradation.  The six isomers of dimethylnaphthalene studied in this work were degraded to a high degree and there is no significant difference statistically between any of the two isomers with respect to their microbial degradation (Figure 4). All the isomers lent themselves to substantial extent of biodegradation with percentage biodegradation of all the isomers ranging from 80 to 95% (Figure 4). It has been observed that methylating the naphthalene nucleus appears to aid the microbial degradation process most probably by promoting the interaction between the methyl group of the methylated naphthalene and the non-polar moiety of the cell membrane of the bacteria (Valentyne et al., 2015). This being the case, this interaction will play out in the biodegradation of C1-C3-naphthalenes. If this interaction is the dominant factor determining the rate and extent of biodegradation, then C3-naphthalenes (trimethylnaphthalenes) would be the most biodegraded but this study demonstrated otherwise indicating that there could be other factors playing out to militate against the biodegradation of the mathylated naphthalenes at more than two methyl groups on naphthalene nucleus. The extent of the biodegradation of either 2,3,6-trimethylnaphthalene or 1,3,7-trimethylnaphthalene is significantly higher than that of 1,3,5 + 1,4,6-trimethylnaphthalene statistically (Figure 5). It is not clear why the microbial organisms would accord higher preference to these two isomers. The biodegradation of the isomers of trimethylnaphtalene ranged from 35 to 54% which is quite lower than that of the biodegradation of the isomers of dimethylnaphthalene (Figures 4 and 5). Despite the increase in the number of methylene group attached to the naphthalene nucleus which is expected to bolster the biodegradation process of the trimethylnaphthalenes by promoting interaction with microbial cell membrane, the adverse effect of steric hindrance might be a predominant factor hence reducing the rate and extent of biodegradation of the trimethylnaphthalenes.  3.4 Microbial degradation of the three-fused-ring PAHs The three-fused-ring PAHs studied in this work namely fluorene, phenanthrene and dibenzothiophene were not significantly biodegraded (Figure 2). This study revealed that the biodegradation of phenanthrene is not significantly different from that of dibenzothiophene statistically at average extent of biodegradation of 9% each case (Figure 2). Although the percentage biodegradation of fluorene at 23% is low, it is significantly higher than that of either phenanthrene or dibenzothiophene. It is suggested that the chemical structure of fluorene with a non-aromatic ring sandwitched in between two aromatic rings is likely to lend itself to a relatively higher rate of biodegradation than either phenanthrene or dibenzothiophene which have all three fused rings being aromatic. 
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Generally speaking, microbial organisms that degrade PAHs find it more difficult to degrade the PAHs as the fused rings increase hence it is not surprising that the biodegradation of the two fused ring PAHs in this study far outstrips that of the three fused ring PAHs. Under appropriate enabling environment, the microbial organisms can however be stimulated to enhance their ability to degrade even the three fused ring PAHs. Recently, several research studies have revealed that clay minerals have the ability to provide huge surface area in addition to sorbing toxic substances in the biodegradation system and as a result allow the proliferation of the microorganisms that in-turn feast on the PAHs in large numbers (Chaerun and Tazaki, 2005; Warr et al., 2009; Ugochukwu et al., 2014; Biswas et al., 2015). The provision of enabling environment for the microbial community of the beach sediment would translate to an improvement on the degradability of the three fused ring PAHs present in the crude oil. This could be implemented during remedial operation of oil polluted marine environment.  4. CONCLUSION This study having investigated the crude oil PAH biodegradation capability of the Alcanivorax spp dominant microbial community isolated from beach sediments demonstrated that even though the three-ring PAHs such as fluorene, phenanthrene and dibenzothiophene were not significantly degraded, the two-ring PAHs, naphthalene and C1-C3 naphthalenes were. However, the extent of biodegradation of trimethylnaphthalene (C3-naphthalene) was significantly lower than any of naphthalene, methylnaphthalene and dimethylnaphthalene. However, this study is not conclusive as further molecular biology is required to ascertain the bacterial genera that were most likely to be responsible for the degradation of the PAHs. Even though the beach sediment which was the source of the microbes was predominantly Alcanivorax spp. it is not clear whether the degradation of these PAHs was carried out solely by Alcanivorax spp or any other bacteria genera present in the oil.  Alcanivorax spp is commonly known to specialize in the degradation of saturated hydrocarbons but in this sediment whereby it is the predominant genera, the degradation of low molecular weight PAHs has been observed. This study therefore has demonstrated that this microbial community isolated from beach sediments contains bacterial genera that are capable of degrading low molecular weight PAHs. This has a profound implication on the development of bioremediation strategies for the remediation of crude oil hydrocarbon contamination in marine environments.   ACKNOWLEDGEMENT Berny Bowler, Paul Donohue and Ian Harrison are appreciated for the laboratory support received from them with respect to GC analysis. Generally, we are grateful to Petroleum Technology Development Fund (PTDF) of the Federal Republic of Nigeria for funding this project and the School of Civil Engineering and Geosciences of Newcastle University for providing the facilities used in this study.  REFERENCES Al-Malem, D.M., Sarkhah, N.A., Alwadhi, H., Elyas, M., Radwan, S.S. (2010) Biodegradation of crude oil and pure hydrocarbons by extreme halophilic archaea from hypersaline coasts of the Arabian Gulf. Extremophiles, 14, 321-328. Aske, N., (2002). Characterisation of crude oil components, asphaltene aggregation and emulsion stability by means of near infrared spectroscopy and multivariate analysis (PhD theses) Department of chemical engineering, Norwegian university of science and technology. Bennett, B., Chen, M., Brincat, D., Gelin, F.J.P., Larter, S.R., 2002. Fractionation of benzocarbazoles between source rocks and petroleums. Organic Geochemistry, 33, 545-559. Biswas, B., Sarkar, B., Rusmin, R., Naidu, R. (2015) Bioremediation of PAHs and VOCs: Advances in clay mineral-microbial interaction. Environment International, 85, 168-181. Chaerun, S.K. and TazakI, K. 2005. How kaolinite plays an essential role in remediating oil-polluted seawater. Clay minerals, 40, 481-491. Crone, T.J., Tolstoy, M.(2010). Magnitude of the 2010 Gulf of Mexico oil leak. Science, 330, 634. Dutta, T., Harayama, S. (2001). Biodegradation of n-alkylcycloalkanes and n-alkylbenzenes via new pathways in Alcanivorax sp. Strain MBIC 4326, 67,1970-1974. Halpern B.S., Walbridge, S., Selkoe, K.A., Kappel, C.V., Micheli, F., Dagrosa, C., Bruno, J.F., Casey, K.S., Ebert, C., Fox, H.E., Fujita, R., Heinemann, D., Lenihan, H.S., Madin, E.M., Perry, M.T., Selig, E.R., Spalding, M., Steneck, R., Watson, R. (2008) A global map of human impact on marine ecosystems. Science, 319, 948-952. Harayama, S., Kasai, Y., Hara, A. (2004). Microbial communities in oil contaminated seawater. Curr Opin Biotechnol, 15, 205-214. Head, I.M., Jones, D.M., Roling, W.F.M. (2006). Marine microorganisms make a meal of oil. Nature Reviews Microbiology, 4, 173-182. Karimi, B., Habib, M., Eswand, M. (2015). Biodegradation of naphthalene using Pseudomonas aeruginosa by up 
Journal of Environment and Earth Science                                                                                                                                        www.iiste.org ISSN 2224-3216 (Paper) ISSN 2225-0948 (Online) Vol.8, No.6, 2018  
118 
flow anoxic-aerobic continuous flow combined bioreactor. Journal of Environmental Health Science & Engineering. DOI: 10.1186/s40201-015-0175-1. Marshal, A.G., Rodgers, R.P. (2004). Petroleomics: the next grand challenge for chemical analysis. Accounts of Chemical Research, 37, 53-59. McGenity, T.J., Folwell, D., McKew, B.A., Sani, G.O. (2012). Marine crude-oil biodegradation: a central role for interspecies interactions. Aquatic Biosystems, 8, 10-29 Mckenna, E.J., Heath, R.D. (1976). Biodegradation of polynuclear aromatic hydrocarbon pollutants by soil and water microorganisms. University of Illinois Water Resources Centre Report No. 113. McKew, B.A., Coulon, F., Yakimov, M.M., Denaro, R., Genovese, M., Smith, C.L., Timmis, K.N., McGenity, T.J. 2007. Efficacy of intervention strategies for bioremediation of crude oil in marine systems and effects on indigenous hydrocarbonoclastic bacteria, Environ Microbiol, 9, 1562-1571. Miyachi, N., Tanaka, T., Suzuki, T., Hotta, Y., Omori, T. (1993). Microbial oxidation of dimethylnaphthalene isomers. Applied Environmental Microbiology, 59 (5), 1504-1506. Neff, J.M. (1990). Composition and fate of petroleum and spill-treating agents in the marine environment. In: Sea mammals and oil: confronting the risks, Geraci, J., St. Aubin, D (eds.). Academic Press, New York, pp: 1-33. Niepceron, M., Porter-Koltalo, F., Merlin, C., Motelay-Massei, A., Barray, S., Bodilis, J.: Both (2010). Cycloclasticus spp. and Pseudomonas spp. as PAH –degrading bacteria in the Seine estuary (France). FEMS Microbiol Ecol, 71, 137-147. Payne, J.R., McNabb, G.D. (1985).  Weathering of petroleum in the marine environment. Marine Technology Society, 18, 1-19. Peters, K.E., Moldowan, J.M., 1993. The biomarker guide: Interpreting molecular fossils in petroleum and ancient sediments. In Englewood Clifs, N.J., (eds). Prentice Hall, 363. Pawar, A.N., Ugale, S.S., More, M.G., Kokani, N.F., Khadelwal, S.R. (2013). Biological degradation of naphthalene: A new era. Journal of Bioremediation & Biodegradation. DOI: 10.4172/2155-6199.1000203. Prince, R.C., Elmendorf, D.L., Lute J.R., Hsu, C.S., Haith, C.E., Senius, J.D, Douglas, G.S. and Butler, E.L. 1994. 17α(H), 21ß(H)-Hopane as a conserved internal marker for estimating the biodegradation of crude oil. Environmental science technology, 28,142-145. Singh, A.K., Sherry, A., Gray, N.D., Jones, M.D., Rolling, W.F.M., Head, I.M. (2009). How specific microbial communities benefit oil industry: dynamics of Alcanivorax spp. in oil contaminated intertidal beach sediments undergoing bioremediation. Proceedings of International Symposium in Applied Microbilogy and Molecular Biology Oil Systems, 199-210. Speight, J.G. 2007.The chemistry and technology of petroleum, 4th edition, Taylor and Francis Group, LLC, Boca Raton, Florida, USA, pp 223-237; 378. Teira, E., Lekunberri, I., Gasol, J.M., Nieto-Cid, M., Alvarez-Salgado, X.A., Figueiras, F.G. 2007. Dynamics of the hydrocarbon-degrading Cycloclasticus bacteria during mesocosm-simulated oil spills. Environ microbial, 9, 2551-2562. Tissot, B.P., Welte, D.H. 1984. Composition of crude oils. In: Petroleum formation and occurrence, 2nd ed., Springer-Verlag, New York, NY. pp 376-411. Valentyne, A., Crawford K., Mueller-Spitz, S., (2015). Bacterial degradation of low molecular weight polycyclic aromatic hydrocarbons; naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene by Mycobacterium.  TRIO project P217A120210 Report of the United States Department of Education. Wang, Z., Stout, S.A., Fingas, M.F., Hollebone, B.,Yim, U.H., Oh, J.R,.  2007. Petroleum biomarker fingerprinting for oil spill characterization and source identification. In: Oil spill environmental forensics. Wang,Z., Stout, S.A (eds) Academic press, San Diego, California, USA., pp 73-150. Ugochukwu, U.C., Manning D.A.C., and Fialips, C.I. (2014b) Effect of interlayer cations of montmorillonites on the biodegradation and adsorption of crude oil polycyclic aromatic compounds, Journal of Environmental Management, 142, 30-35. Warr, L.N., Perdrial, J.N., Lett, M., Heinrich-Salmeron, A., KhodjA, M. 2009. Clay mineral-enhanced bioremediation of marine oil pollution. Applied clay science 46, 337-345. Wolfe, D.A., Hameedi, M.J., Galt, J.A., Watabayashi, G., Short, J., O’Claire, C., Rice, S., Michael, J., Payne, J.R., Braddock, J., Hanna, S., Sale, D. 1994. The fate of the oil spilled from the Exxon Valdez. Environmental Science and Technology, 28, 561A-568A. Yakinov, M.M., Timmis, K.N., Golyshin, P.N. 2007. Obligate oil-degrading bacteria. Current Opinion on Biotechnology, 18, 257-266.    
